The complexation energies of H 3 BNH n Cl 3-n (n= 3-0) complexes and the proton affinities of NH n Cl 3-n compounds have been computed at the G2(MP2) level of theory. G2(MP2) results show that the successive chlorine substitution on the ammonia decreases both the basicity of the NH n Cl 3-n ligands and the stability of H 3 BNH n Cl 3-n complexes. The findings are interpreted in terms of the rehybridisation of the nitrogen lone-pair orbital. The NBO partitioning scheme shows that the variation of the N-H and N-Cl bond lengths, upon complexation, is due to variation of "s" character in these bonds.
Introduction
A typical property of electron deficient boranes is their Lewis acidity which reflects the fact that boron possesses less valence electrons than valence orbitals. As a result, the simplest borane BH 3 readily forms donor-acceptor complexes with Lewis bases. The compounds containing boron and nitrogen play an important role in synthetic chemistry and have received extensive attention in the chemical literature. Accurate knowledge of the thermodynamics of complexation energies would serve as a useful framework from which to build a detailed and quantitative understanding of borane reactivity and mechanism [1] [2] [3] . Many theoretical studies have been devoted to boron donor-acceptor complexes concerning their structural parameters, the nature of the bonding, the factors affecting their stability and other physical proprieties [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] where the methods used for analysis differ.
In 1976, Morokuma and co-workers [4] studied the effect of the methyl substitution of the hydrogen atoms of ammonia. They reported that the N-methyl substituent effect on the stability of H 3 BNH 3 is very small (1 kcal/mol). The H 3 BNH 3 , H 3 BNMe 3 , H 3 BPH 3 and H 3 BPMe 3 complexes have been studied by Shibata et al. [5] . They showed that there is a strong correlation between the N-B and P-B distances and the formation energy of the complexes. They reported also that the structural changes occurring in the acceptors and donors on complex formation are closely related to the charge transfer. A study by Frenking et al., [6] [7] shows that there is no correlation between the charge transfer from the donor to the acceptor, using the natural bond orbitals partitioning scheme NBO [22] , and bond strength of H 3 BNH 3 , H 3 BNMe 3 , F 3 BNH 3 , F 3 BNMe 3 , Cl 3 BNMe 3 , and Cl 3 AlNMe 3 complexes. In contrast, other works [8] [9] have shown that there is a correlation between the charge transfer from the NH n F 3-n (n=0-3) donors to the BH 3 acceptor and the binding energies of H 3 BNH n F 3-n complexes using the density functional theory and perturbation calculations. Furthermore, they have found that the successive fluorine substitution on ammonia decreases their stability. Recently, our group have shown that the successive fluorine substitution on phosphine favors complex formation (H 3 BPH n F 3-n ) (n= 3-0), in spite of the reduction of the basicity of the PH n F 3-n ligands [21] .
We expand here our study to the chlorine substitution effect on ammonia borane complexes, investigating the H 3 BNH n Cl 3-n (n= 3-0) compounds at the G2(MP2) [23] level of theory, and discussing both their theoretically predicted structures and their stabilities.
Computational Details
The proton affinities of NH n Cl 3-n (n= 3-0) Lewis bases and their complexation energies with BH 3 Lewis acid have been computed at the G2(MP2) level of theory [23] . Corrections for zero-point vibrational energies have been taken into account from HF/6-31G(d) harmonic frequencies scaled by 0.893 [24] . The investigation of the electronic structure, using the natural bond orbitals partitioning scheme NBO [22] , was carried out at the MP2(Full)/6-31G(d) level.
All calculations in this work were performed on IBM RS/6000 workstations of the University of València using the Gaussian 94 [25] series of computer programs. Table 1 lists the MP2(Full)/6-31G(d) most important geometrical parameters for NH n Cl 3-n (n= 0-3) moieties and their complexes with the BH 3 acid and 2s contributions of nitrogen in the N-H and N-Cl bonds at MP2-NBO level. In Table 2 we give the calculated complexation energies for the H 3 BNH n Cl 3-n (n= 0-3) complexes, the proton affinities of NH n Cl 3-n moieties and the transferred charge from NH n Cl 3-n donors to BH 3 acceptor. The theoretical complexation energies (E c ) are calculated as the energy difference between the complexes and the respective sum of donor and acceptor compounds energies, while the theoretical proton affinities (P.A) are taken as the energy difference between the neutral and protonated NH n Cl 3-n bases. Table 1 shows that very small changes in the N-H and N-Cl bond distances are predicted as a result of chlorine substitution in NH 3 isolated base. In fact, we observed a lengthening of the N-H and N-Cl bonds. The bond distances of N-H and N-Cl change from 1.017 to 1.026 Å and from 1.754 to 1.773 Å respectively. It has been suggested [8, 26] that the bond length changes are caused by the rehybridisation of donor atom "N" upon chlorination and also due to a reversion of polar effects as the partial charge on the nitrogen change. It becomes positive with increasing chlorine substitution on NH 3 . The net charges on N, obtained at MP2-NBO level, are -1.12, -0.85, -0.64 and -0.46 electron for NH 3 , NH 2 Cl, NHCl 2 and NCl 3 , respectively. With reference to our NBO analysis, it may be claimed that the contribution rate of the "s" character in the N-H and N-Cl bonds also plays an important role in this context (see below).
Results and Discussion
Moreover, the B-N bonds in H 3 BNH n Cl 3-n (n= 2-0) complexes are longer than the H 3 BNH 3 one. This result seems reasonable because NH n Cl 3-n (n= 0-2) bases are weakly than NH 3 one. Upon complexation, the MP2 calculations show that the formation of the complexes by successive chlorination on nitrogen atom involves (1.191 Å) . These values are related to the hybridization changes from sp 2 in BH 3 to sp 3 in complexes. Upon coordination, the MP2 calculation shows a very small distortion of the N-Cl bond length (0.08%, 0.17% and 0.29% for H 3 BNH 2 Cl, H 3 BNHCl 2 , and H 3 BNCl 3 respectively). Furthermore, this calculation predicts both a lengthening of N-H and a shortening of N-Cl bond lengths ( Table 1) . To explain this effect, we have applied the NBO analysis. MP2-NBO calculations show that in isolated NH n Cl 3-n (n=3-0) moieties the lone pair on nitrogen has lower "s" character than in complexes. Then, we can deduce from these results that this change alone would imply a shortening of the N-Cl bond lengths owing to an increased "s" character in these bonds. Even, table 1 shows that the contribution of the 2s AO of ammonia is more important in the isolated moiety than in the H 3 BNH n Cl 3-n (n= 2-0) complexes, so we can understand why we had a lengthening of the N-H bond length. Table 2 shows that the H 3 BNH 3 is more strongly bound (-25.97 kcal/mol) than the H 3 BNH n Cl 3-n (n=2-0) complexes (-23.95, -19.95, and -15.76 kcal/mol for H 3 BNH 2 Cl, H 3 BNHCl 2 , and H 3 BNCl 3 , respectively). The introduction of the first chlorine group on nitrogen atom destabilizes the complex by about 2 kcal/mol, the second by 6.02 kcal/mol, and the third by 10.21 kcal/mol. In short, the successive chlorine substitution on nitrogen atom reduces the stability of the corresponding complexes as the basicity of NH n Cl 3-n (n= 3-0) bases. Moreover, the stability of H 3 BNH n Cl 3-n (n= 3-0) complexes decreases when the basicity of NH n Cl 3-n (n= 3-0) molecules decreases ( Figure 1) . The good correlation between the proton affinities of the bases and the complexation energies computed at the G2(MP2) level of theory shows that the stability of the complexes depends completely on the type of base involved.
Before discussing calculated atomic partial charges, we emphasize that dividing up the molecular electronic charge into atomic regions is always based upon an arbitrary partitioning scheme. The calculated charges have no physical meaning by themselves; they should only be used as a model to explain trends and properties of molecules. In particular, the absolute values of the partial charges should not be over interpreted [6] [7] . Rather, the change in the partial charges upon complex formation should be compared. The MP2-NBO results ( 3 respectively) . From the NBO analysis, it follows that there is a correlation between transferred charge and bond strength in H 3 BNH n Cl 3-n (n= 3-0) donor-acceptor complexes (Figure 2 ).
Conclusion
The substitution effect on H 3 BNH n Cl 3-n (n= 3-0) donoracceptor complexes was investigated at the G2(MP2) level of theory. The G2(MP2) results show that the stability of ammonia-borane compounds decreases with the degree of the chlorine substitution at the nitrogen atom. This study proves that the stability of H 3 BNH n Cl 3-n (n= 3-0) complexes was related to the basicity of the NH n Cl 3-n (n= 3-0) bases and the transferred charge from donor to acceptor. Upon complexation, the MP2 structural parameters of H 3 BNH n Cl 3-n (n= 3-0) complexes confirm the lengthening of N-H and a shortening of N-Cl bonds. The analysis of the electronic structure using the NBO partitioning scheme prove that this change is related to the contribution rate of the "s" character in these bonds.
